Summary: The influence of 70-80% N20 on local local cerebral glucose utili zation (CMRg1) in the rat brain was studied with the ['4C]deoxyglucose method in minimally restrained, spontaneously breathing animals 75 min following dis continuation of halothane anaesthesia. Nitrous oxide was found to have only small effects on local CMRgl in the majority of the 25 structures analyzed. When corrections were made for a small difference in body temperature between nitrous oxide-breathing animals and those breathing air, nitrous oxide was found to significantly increase local CMRg1 in some subcortical structures by 15-25% (red nucleus, thalamus, geniculate bodies, and superior colliculus), and to decrease local CMRg1 in nucleus accumbens and sensorimotor cortex by comparable amounts. Thus, although nitrous oxide does not alter overall glu cose utilization in the brain, it differentially affects CMRg1 in some brain struc tures.
The effect of anaesthetics on cerebral blood flow (CBF) and metabolic rate is of major concern to those who study experimental conditions requiring immobilization and some form of analgesia-anaes thesia. Since deep anaesthesia may profoundly af fect the variables being studied, many investigators have employed 70-80% N20 as the only "anaes thetic" once the operative procedures have been completed. Thus, although nitrous oxide does not induce surgical anaesthesia, observations in cats suggest that its analgesic properties justify its use in animal experiments (Venes et aI. , 1971) .
At present there is no agreement on the effect of nitrous oxide on CBF, cerebral oxygen utilization (CMR02), and cerebral glucose utilization (CMRg1). Previous studies in man (reviewed by Smith and Wollman, 1972) suggested that 70% N20 had little effect, if any, on CBF, but gave no clear indication of whether CMR02 was reduced or unchanged. However, a subsequent study showed that the combination of 70% N20 and morphine sulfate (1 or 3 mg kg-1) did not alter CBF, CMR02, or CMR.! from values for awake controls (Jobes et aI. , 1977) .
In contrast, three studies in dogs have demon strated that 70% N20 increases CMR02 (and CBF). Using their venous outflow technique, Theye and Michenfelder (1968) noted an 11% increase in CMR02 in dogs given spinal anaesthesia and having their vagi cut. Similar techniques were used by Sakabe et ai. (1978) , who found that 60% N20, given to dogs maintained on 0.2% halothane, in creased CMR02 by about 20%. With a background anaesthesia of 0.8% halothane, 60% N20 did not consistently increase CMR02 and, in animals given thiamylal (8 mg kg-1), nitrous oxide did not increase CMR02 until the effects of the barbiturate had worn off (cf. similar effects of ketamine, as reported by Dawson et aI. , 1971) . Since nitrous oxide has been reported to stimulate the sympathoadrenal system (Bahlman et aI. , 1971) , Sakabe et ai. (1978) studied the effect of reserpine administration (0.5 mg kg-I); however, this treatment did not curtail the increase in CMR02 (or CBF) following addition of 60% N20. In a subsequent study from the same laboratory, the investigators (Oshita et aI. , 1979) confirmed the re sults of Sakabe et al. (1978) , using both the venous outflow technique and a modification of the Kety-Schmidt procedure (Kety and Schmidt, 1948) .
Results obtained in rats (and mice) are less con sistent. Working on ventilated rats that were adre nalectomized, given local anaesthesia, and pro tected from external stimuli, Carlsson et al. (1976) found no difference in CMR02 (or CBF) between animals ventilated on 70% N 20 or 70% N 2' The modified Kety-Schmidt technique used by these authors probably measures CMR02 (and CBF) mainly in frontal, parietal, and sensorimotor cortex. On the other hand, Gibson and Duffy (1981) , measuring arteriovenous differences in oxygen content (tail artery versus confluent sinus) and su pratentorial CBF (by a fractional extraction tech nique) in unparalyzed but mechanically restrained rats, found that 70% N20 increased CMR02 by 33%. Available autoradiographic data suggest that such inconsistencies in results may reflect regional differences in nitrous oxide effects. Thus, mea surements of CMRgl in ventilated rats showed no effect of N20 in frontal, parietal, and sensorimotor cortex, but did show increases in CMRgl in other structures including auditory cortex, thalamus, caudoputamen, and hippocampus (Ingvar et aI. , 1980) . Other studies, in which different techniques were used to estimate cerebral metabolic rate, do not clarify the metabolic effects of nitrous oxide. Thus, whereas one group of workers using the .• closed system method" of Lowry et al. (1964) in mice con cluded that 70% N20 does not measurably affect cerebral metabolic rate (Ratcheson et aI. , 1977) , an other group recently concluded that nitrous oxide induces an increased cerebral energy demand (Ro senthal et aI. , 1981) . In that study, though, meta bolic rate was estimated from the reduction/ oxidation ratio of cytochrome a-a3 in rats with a cerveau isole lesion.
Clearly, there is a need to assess the influence of nitrous oxide on cerebral metabolic rate and to sep arate any effect present from that due to immobili zation and artificial ventilation. We recently re ported that 70% N20 administered to awake, mini-J Cereb Blood Flow Melabol, Vol, 2, No, 4, 1982 mally restrained rats had only small effects on local CBF, as measured autoradiographically in 22 brain structures (Dahlgren et aI. , 1981) . Thus, nitrous oxide failed to induce significant increases (at the p < 0.01 level) in any of the structures measured, and reduced CBF was found in inferior colliculus, in ferior olive, and the hypothalamus. In the present study, we evaluated the effect of 70% N20 on local CMRgb using the same experimental preparation.
MATERIALS AND METHODS

Chemicals
Nitrous oxide (Alfax, Malmo) was mixed with oxygen in the proportion 70:30 (vol/vol), Heparin (Vitrum, Stock holm) was diluted with Krebs-Hensleit solution to yield an activity of 300 IV ml-1.
[14C]deoxyglucose (337 mCi mmol-1; New England Nuclear) was supplied in a 10% ethanol solution. Before each experiment, an aliquot of this solution was evaporated under a stream of nitrogen gas, and the substance was dissolved in Krebs-Hensleit solution to yield an activity of 100 /LCi ml-1.
[14C]Hex adecane standard was obtained from the Radiochemical Center (Amersham, England),
Animals
The experiments were performed on male Wistar rats of an SPF strain (M�llegaards Avlslaboratorium, Copenhagen), weighing 300-370 g, The animals were al lowed free access to tap water. The supply of pellets (Astra-Ewos, Sodertalje) was not withdrawn until the morning of the day of the experiments. As in the previous study (Dahlgren et aI. , 1981) , measurements were per formed in the late afternoon to reduce ambient noise,
Operative and sampling techniques
For measurements of local cerebral glucose utiliza tion (lCMRg1) 75 min after discontinuation of halothane anaesthesia, the operative procedures and the handling of the animals were as previously described (Dahlgren et aI., 1981) . In summary, the animals were anaesthetized with 3-4% halothane in N20:02 (70:30) and maintained on 1% halothane in N20:02, delivered through a face mask, for insertion of tail arterial and venous catheters and a therm istor probe in the colon descendens. After the comple tion of the preparations, the animals were heparinized and the face mask removed. The animals were allowed to re cover from the anaesthesia in a specially designed Perspex cage, which prevented the animals from turning but which allowed manipulations with the tail catheters.
After a recovery period of 30 min, the animals were either allowed to breathe room air or were given a gas mixture of 70-80% N20 in O2 for 45 min before the [14C]deoxyglucose infusion was started, Prior to this infu sion and during the 45-min infusion period, repeated arte rial blood samples were taken for analyses of P02, PC02, pH, and glucose concentration, with frequent control of blood pressure. We attempted to maintain body temper ature at 37 -38°C by intermittent heating of the cage with a lamp, However, it was found that air-breathing animals maintained a body temperature of 38°C even without heating, whereas those breathing the N20:02 gas mixture had body temperatures of less than 37.5°C even when the lamp was placed close to the cage. Since the original groups studied (n = 6 in each) differed in body tempera tures by 0.8°C, four additional nitrous oxide-breathing animals were studied at a later occasion. In these, body temperature was maintained close to 38°C by removing the aluminum foil from the back of the Perspex cage, thus allowing a more intense heating of the animals with the heating lamp. At the end of the infusion period, the animals were decapitated and the brains processed for quantitative autoradiography (see below).
Methods and analytical procedures
We measured arterial Po2, Pco2, and pH immediately after sampling, using microelectrodes (Eschweiler and Co, Kiel; and Radiometer, Copenhagen), with due cor rections for any deviation of body temperature from 37°C. Plasma glucose concentrations were measured on a Beckman Glucose Analyzer 2. The instrument was cali brated with a series of glucose standards; in addition, the accuracy of the determinations was ascertained by com parisons with a fluorometric hexokinase method.
Local CMRgl was measured according to Sokoloff et al. (1977) , with details of procedures as given in a previous communication (Ingvar et aI., 1980) . In brief, a 0.5-ml solution containing 50 /-LCi deoxyglucose was infused over 30 s with an infusion pump. At least 14 timed blood sam ples (including a pre-infusion blank) of 100 /-LI each were taken during the 45-min experimental period. The sam ples were immediately centrifuged and the plasma sam ples frozen at -80°C for later determination of 14C activity and glucose concentration. At the end of the experimental period, the animals were decapitated and the brains re moved and then frozen in isopentane chilled to -50°C.
We determined plasma 14C activities by liquid scintilla tion counting, and checked the counting efficiency by adding an internal standard (['4qhexadecane). For deter mining tissue 14C activities, the brain was sectioned at -20°C with a Leitz sledge microtome. The 20-/-Lm thick sections were applied to X-ray film together with a set of calibrated 14C standards. The films were exposed for 7 days. We evaluated the density of 25 different structures by a densitometer with an aperture of 1 mm. For calcula tions of ICMRgl we used the equation described by Sokoloff et al. (1977) and the kinetic constants given by those authors for normal rats.
Statistics
Statistical differences were calculated by the unpaired Student t test. Since comparisons between control and experimental groups were made for 25 structures; the differences regarded as significant had a p < 0.01.
RESULTS
Physiological parameters for the three groups are given in Table 1 . Values for Pco2 and pH obtained in the air-breathing and N20:02-breathing groups were virtually identical to those previously de scribed for animals treated similarly (Dahlgren et aI. , 1981) . Administration of the N20:OZ mixture elevated arterial P02 slightly. Plasma glucose con centrations were similar in the three groups. In the original group of nitrous oxide-breathing animals (n = 6) body temperatures were 36. 9, 37. 0, 37. 0, 37.0, 37.2, and 37. 8°C, respectively, while the addi tional four animals had temperatures of 37. 9, 38. 1, 38.2, and 38. 2°C, respectively. In the combined group, the body temperature was O. SOC less than in the air-breathing group (p < 0. 07). This temperature difference will be further discussed below.
All values in Table 1 are those measured prior to decapitation of the animals. However, physiological variables showed little variation during the 45-min sampling period. Plasma glucose concentrations also remained stable during that period. Only one animal showed signs of excitation, as evidenced by forceful movements, a reduction in Pco2, and an increase in blood glucose concentration (cf. Dahlgren et aI. , 1981) . This animal was excluded from the results.
The effects of 70% N20 on lCMRg[ are shown in Table 2 . The areas analyzed were arbitrarily divided into "motor," "sensory," and "limbic" structures, and cerebellum. As the results demonstrate, inter animal variations were small. The data reveal that administration of the N20:02 mixture had only small effects on lCMRgl• Thus, nitrous oxide was found to significantly increase lCMRgl in the red nucleus and the lateral geniculate body. In the me dial geniculate body, the difference was almost sig nificant (p = 0. 014). Nitrous oxide failed to reduce ICMRgl in any of the structures analyzed, but a Values are given as mean ± SE. Significant differences (p < 0.05) were noted between values for P02 and glucose. MABP, mean arterial blood pressure. Since the last four of the nitrous oxide -breathing animals (body temperature of 38°C) were studied at a later occasion and since the results were some what more variable than in the original group, we corrected the values obtained in the original group to 38°C for comparisons with the air-breathing group. In each animal, the ICMRg] values for each structure were corrected by using temperature fac tors derived from McCulloch et al. (1982) , assuming an intrastructural linearity in temperature-induced changes in ICMRg] between normothermic and hypothermic animals. A comparison of the control and the temperature-corrected nitrous oxide groups revealed the following (Fig. 1) . First, nitrous oxide significantly increased ICMRg] in the red nucleus (+ 16%), thalamus (+ 18%), lateral geniculate (+3 1%), superior colliculus (+18%), and probably also in the medial geniculate (p = 0.012). Significant reductions in ICMRg] were found in nucleus accum bens (-16%) and sensorimotor cortex (-16%). Overall, though, the changes were small. 
DISCUSSION
As discussed in a previous study (Dahlgren et al. , 1981) , we have reason to believe that the proce dures used for studying awake rats yield values that are minimally influenced by excitation or stress, and that the model lends itself to evaluation of ef fects of nitrous oxide (and other drugs). Admittedly, the recovery period following discontinuation of halothane anaesthesia was so short that it is difficult to exclude a lingering effect of the anaesthetic. However, unpublished results demonstrate that when air-breathing animals were allowed 6 h of re covery from the halothane anaesthesia, a significant change occurred only in the auditory cortex (+3 0%). Furthermore, the present comparison seems valid since both air-breathing and nitrous oxide-breathing animals had similar recovery peri ods following discontinuation of halothane anaesthesia.
When the present results are considered, it should be recalled that nitrous oxide alone only in duces stage 2 anaesthesia, a stage accompanied by signs of excitation and by cataleptoid behaviour (Winters et al. , 1972) . One cannot expect, therefore, the metabolic (or circulatory) effects of nitrous oxide to resemble those induced by general anaesthetics of the barbiturate type, or that any ef fects elicited should involve changes of a uniform type (cf. barbiturate data reported by Sokoloff et aI. , 1977; Ingvar et aI. , 1980) .
The present results demonstrate that 70% N20 has only small effects on CMRg] in the rat brain. Thus, in more than two-thirds of the structures analyzed, ICMRg] in nitrous oxide-breathing animals was within 15% of control, and when sig nificant alterations from control were induced, they involved both increases and decreases. The present results are, therefore, in close agreement with those reported for man (Jobes et aI. , 1979) , rat (Carlsson et aI. , 1976) , and mouse (Ratcheson et aI. , 1977) .
In drawing conclusions regarding effects of ni trous oxide on local CMRg] values, we have confi dence in the values obtained in the original group of six nitrous oxide-breathing animals after temper ature correction. This is due to the fact that the experiments were performed at the same time as the controls and that the interanimal variability was small. Since temperature factors have been deter mined for rat cerebral structures (McCulloch et aI. , 1982) , these were used for correcting the values to a common temperature of 38°C. It does not seem to be established that the regional temperature co efficients reported by McCulloch et aI. (1982) dif fered significantly from the mean 5-6% change in CM�] per degree centigrade change in tempera ture, a value virtually identical to that previously reported in rat cerebral cortex (Hagerdal et aI. , 1975 ; see also Michenfelder and Theye, 1968) . However, conclusions drawn from the comparison were not different, whether individual factors (2-8%) or a common factor of 5% was used. Ac cepting the data of Fig. 1 as accurate, we must con clude that nitrous oxide, although not altering over all cerebral metabolic rate, leads to a "redistribu tion" of local metabolic rate within the brain. Thus, increases (15-25%) in CMRg] were noted in four subcortical grey structures (red nucleus, thalamus, lateral geniculate, and superior colliculus, with a suggested increase in a fifth (medial geniculate). Equally large decreases were noted in nucleus ac cumbens and sensorimotor cortex. Although we consider these regional changes unequivocal, we can only speculate on their functional basis.
The present results are obviously at variance with those reported in dogs Sakabe et aI. , 1978; Oshita et aI. , 1979) and those obtained in unparalyzed but restrained rats (Gibson and Duffy, 1981) . All experiments on dogs were carried out on paralyzed and artificially venti lated animals and, as judged by the marked de crease in arterial Pco2 in the rats studied by Gibson and Duffy (1981) , their animals were subjected to stress. A possible explanation for the difference in results may be that the effects of nitrous oxide dur ing immobilization are different from those during stressful situations. Whatever is the explanation, the present results demonstrate that 70% N20 does not lead to a uniform increase in metabolic rate.
